A B S T R A C T To study the individual effects of glucagon and growth hormone on human carbohydrate and lipid metabolism, endogenous secretion of both hormones was simultaneously suppressed with somatostatin and physiologic circulating levels of one or the other hormone were reproduced by exogenous infusion. The interaction of these hormones with insulin was evaluated by performing these studies in juvenile-onset, insulin-deficient diabetic subjects both during infusion of insulin and after its withdrawal.
INTRODUCTION
The physiologic importance of glucagon and growth hormone in human carbohydrate and lipid homeostasis is poorly understood. Administration of pharmacologic amounts of glucagon can augment lipolysis (1) (2) (3) (4) , ketogenesis (1) (2) (3) (4) , and glucose production (1) (2) (3) (4) (5) in man, but these effects are difficult to interpret because such quantities of glucagon may promote growth hormone (6) and catecholamine (7) release. Moreover, similar results have not been consistently observed in studies using physiologic concentrations of glucagon (3, 8, 9) . Evidence for the participation of growth hormone in human lipid and carbohydrate metabolism is based largely on results obtained after administration of pharmacologic quantities of growth hormone and on observations in hypophysectomized individuals. Growth hormone, when administered in pharmacologic doses, reportedly diminishes glucose utilization (10) (11) (12) (13) (14) (15) and promotes lipolysis (10, 16) and ketosis (10, 15, 16) (10) , these metabolic effects may not reflect growth hormone deprivation alone (17) because mobilization of FFA and ketosis can occur in growth hormonedeficientman (18, 19) . Recently, a new approach to the study of glucagon and growth hormone physiology has been made possible by the discovery of somatostatin. This hypothalamic peptide (20) inhibits the secretion of human glucagon (9, (21) (22) (23) , insulin (23) (24) (25) (26) , and growth hormone (24, 27, 28) but has no intrinsic effect on glucose (22, 29, 30) or lipid (31, 32) metabolism. Infusion of somatostatin lowers plasma glucose, glucagon, and growth hormone levels in normal man (20, 28) and in insulin-dependent diabetics (21) . Since similar decrements in plasma glucose levels also occur in hypophysectomized diabetic and normal subjects who lack growth hormone (21, 22) , these studies have provided direct evidence that endogenous glucagon participates in normal glucose homeostasis and contributes to diabetic hyperglycemia in man. More recently, somatostatin has been shown to diminish markedly the rises in plasma FFA, glycerol, and fi-hydroxybutyrate levels observed after acute withdrawal of insulin from ketosis-prone, insulin-dependent diabetics (33) . These results were interpreted to indicate that endogenous glucagon secretion influences lipolysis and ketogenesis in man; however, because similar effects are seen after hypophysectomy in diabetics (10) , the suppression of growth hormone secretion by somatostatin could not be excluded as a possible explanation.
The present studies were undertaken to characterize further the roles of glucagon and growth hormone in human carbohydrate and lipid metabolism by evaluating the contributions of these hormones to the metabolic derangements observed after acute withdrawal of insulin from ketosis-prone, insulin-dependent diabetic subjects. To assess the contribution of each hormone individually, endogenous secretion of both was suppressed with somatostatin, and one or the other was infused at doses chosen to approximate circulating levels found spontaneously after acute insulin withdrawal (33, 34) .
METHODS Subjects
Informed consent was obtained from eight patients with juvenile-onset, insulin-dependent diabetes mellitus. (Their pertinent clinical characteristics are shown in Table I ). All had volunteered previously as research subjects, and none were acutely ill at the time of the present studies.
Experimental protocol
After admission to a metabolic ward, subjects were maintained for at least 36 h on a 2,200-Cal American Diabetes Association diet and s.c. regular U-100 insulin (10-15 U every 8 h; from Eli Lilly Co., Indianapolis, Ind.). In order to ensure abrupt insulin withdrawal, patients were maintained solely on i.v. regular insulin for 14-16 h beginning the afternoon of the day before testing. This consisted of 5-10 U as a bolus before dinner followed by an infusion (20 U dissolved in 60 ml of 0.9% saline solution containing 0.6 ml of the subject's plasma). Plasma glucose levels were monitored periodically, and the rate of infusion was adjusted to maintain normoglycemia. This resulted in an average infusion rate of 1 U/h. After an overnight fast, a 0.9% saline infusion was begun between 6 and 8 a.m. in the other arm. After a 30-min equilibration period, appropriate base-line blood specimens were obtained at the saline infusion site and the insulin infusions were stopped.
Four experimental protocols were used: Saline. The metabolic consequences of acute insulin deficiency were observed for 8 h, during which a 0.9% saline solution was infused (100 ml/h) after cessation of the insulin -infusion.
Somatostatin. Instead of the saline used in the above protocol, synthetic linear somatostatin (kindly provided by Dr. Roger Guillemin of The Salk Institute, San Diego, Calif., and prepared as previously described [33] ) was infused for 6 h at a rate of 500 jig/h after cessation of the insulin infusion. A 2-h infusion of saline solution followed.
Glucagon and somatostatin. 1 h before stopping the insulin infusion, a constant infusion of glucagon (1 ng/kgmin; from Eli Lilly Co.) was begun and continued for a total of 7 h. This dose was chosen because a previous report (9) indicated that it would produce circulating glucagon levels (150-250 pg/ml) similar to those observed after acute withdrawal of insulin (33, 34 (35, 36) . Somatostatin was infused as described above for 8 h via a separate syringe upon stopping the insulin infusion.
Analytical procedures
Glucose, 8i-hydroxybutyrate, glucagon, growth hormone, FFA, glycerol, and alanine levels were determined by previously described methods (33, 34) .
Statistical analysis
Paired two-tailed Student's t tests were used for statistical evaluation.
RESULTS
Effect of glucagon infusion on plasma P-hydroxybutyrate, glucose, FFA, glycerol, and alanine levels (Figs. 1 and 2, Table II ). After overnight infusion of insulin, mean (+SEM) fasting levels of plasma f8-hydroxybutyrate, glucose, glucagon (Fig. 1) , FFA, glycerol, and alanine ( Fig. 2) were normal in each study. In control experiments when saline solution alone was infused, plasma 9-hydroxybutyrate, glucose, and glucagon rose progressively after stopping insulin to 1.15±0.2 mM, 278±+18 mg/100 ml, and 156±+12 pg/ml, respectively, over 6 h. Plasma FFA and glycerol rose to 1.10±0.07 mM and 77±12 /AM, respectively, while alanine levels fell slightly. As previously reported (33) , no change in growth hormone levels was observed (data not shown). 2 Effect of glucagon infusion on plasma FFA, glycerol, and alanine levels after acute withdrawal of insulin from insulin-dependent diabetic subjects. In experiments in which somatostatin alone was infused after stopping insulin, plasma P-hydroxybutyrate rose to 0.21±0.04 mM, which was significantly lower than the level observed in control experiments (P < 0.001), and plasma glucose did not rise at all above baseline values. Glucagon levels were suppressed approximately 50% to 45-55 pg/ml (P < 0.001); growth hormone levels were suppressed from a mean basal value of 4.3±0.9 ng/ml to levels averaging 1.5-2 ng/ml. Plasma FFA and glycerol rose to 0.75±0.05 mM and 41+3 AtM, respectively.
Thus, as previously reported (33, 34) , somatostatin prevented or markedly diminished expression of the metabolic consequences of acute insulin deficiency. To determine whether this might have been due to suppression of endogenous glucagon secretion, exogenous glucagon was infused along with somatostatin after stopping insulin. Glucagon infusions were begun 1 h before substituting somatostatin for insulin in order to evaluate the effects of hyperglucagonemia in the presence of insulin and to determine whether exogenous glucagon might acutely inhibit endogenous glucagon secretion.
The infusion rate of glucagon chosen (1 ng/kg min) elevated circulating glucagon levels to 273±51 pg/ml within 30 min. An apparent steady state was achieved because levels were similar (276±57 pg/ml) 30 min Glucagon levels fell after initiation of the somatostatin infusion to 236±38 pg/ml at 1 h and averaged 213±29 pg/ml during hours [2] [3] [4] [5] [6] (Table II) . Individual rises in plasma glucagon above basal levels were correlated with Average of 2-, 4-, and 6-h levels minus average of basal levels before growth hormone infusion. § Maximum level minus average of basal levels before growth hormone infusion.
rises in plasma fi-hydroxybutyrate (r = 0.74; P < 0.02) but not with changes in glucose, FFA, glycerol, and alanine levels (Table II) . Although mean circulating levels of glucagon observed during infusion of glucagon were slightly higher than those observed during control experiments, this resulted primarily from values in three of the eight subjects (Table II). In the remaining five subjects, levels during hours 2-6 (160±16 pg/ml) were similar to those in control experiments (149±11 pg/ml). Thus, infusion of exogenous glucagon to levels approximating those found in control experiments along with somatostatin was able to reverse completely the effects of somatostatin and reproduce the metabolic changes observed after insulin withdrawal in the control studies.
Effect of growth hormone infusion on plasma P-hydroxybutyrate, glucose, FFA, glycerol, and alanine levels (Table III, Figs. 3 and 4) . After overnight infusion of insulin, mean (+SEM) plasma f-hydroxybutyrate, glucose, growth hormone (Fig. 3) , FFA, glycerol, and alanine (Fig. 4) pression of endogenous growth hormone secretion by somatostatin, exogenous growth hormone was infused along with somatostatin after stopping insulin. Growth hormone infusions were begun 1 h before substituting somatostatin for insulin in order to determine the effects of elevation of growth hormone levels in the presence of insulin and also to evaluate whether exogenous growth hormone might inhibit endogenous growth hormone secretion. The infusion rate of growth hormone chosen (1 ug/ kg.h) elevated circulating growth hormone levels to 8.0±1.2 ng/ml after 30 min, and an apparent steady state was achieved since levels were similar (7.8±1.1 ng/ml) 30 min later. After initiation of the somatostatin infusion, growth hormone levels fell to 6.0±0.9 ng/ml at 1 h and averaged 5.8±0.5 ng/ml during the 6-h experiment, thus approximating levels observed during control studies. During the interval when insulin was being concomitantly infused, no changes were observed in plasma fi-hydroxybutyrate, glucose, glucagon, FFA, glycerol, or alanine levels. After stopping insulin, plasma P-hydroxybutyrate, FFA, and glycerol levels rose progressively during the 6-h infusion of somatostatin to levels that approximated those found in control studies when saline was infused after stopping insulin. These levels Effects of Glucagon and Growth Hormone on Human Substrate Metabolism were significantly (P < 0.01) greater than those observed when somatostatin alone was infused after stopping insulin. In contrast, plasma glucose and alanine levels were no different during infusion of growth hormone and somatostatin from those found during infusion of somatostatin alone. Glucagon levels were suppressed by somatostatin to levels averaging 35-55 pg/ml (Table   III) . These results indicate that, in the absence of insulin, physiologic levels of growth hormone accelerate lipolysis and ketosis in man.
DISCUSSION
Somatostatin has recently been shown to forestall the development of hyperglycemia and hyperketonemia in juvenile-onset, ketosis-prone diabetics after acute withdrawal from insulin (33) . Since this agent inhibits both glucagon (20) (21) (22) (23) and growth hormone secretion (26) (27) (28) in man but has no intrinsic effect on carbohydrate (29) (30) (31) and lipid (31, 32) metabolism, suppression of either glucagon or growth hormone secretion (or both) could have accounted for these results. The present studies were undertaken to determine the relative contributions of each of these hormones and, in so doing, to evaluate their roles in human carbohydrate and lipid metabolism.
Infusion of exogenous glucagon and growth hormone at respective rates of 1 ng/kg min and 1 jig/kg. h for 1 h in the absence of somatostatin produced stable circulating levels within the physiologic range for each hormone (i.e., <300 pg/ml for glucagon and < 10 ng/ml for growth hormone). Shortly after initiation of the somatostatin infusion, levels of both hormones declined despite their being infused at a constant rate. Presumably this occurred because somatostatin suppressed endogenous secretion of each hormone, indicating that acute administration of exogenous glucagon or growth hormone had not suppressed its own endogenous secretion.
Infusion of exogenous glucagon in the presence of somatostatin completely reversed somatostatin's effects, causing changes in plasma glucose, P-hydroxybutyrate, FFA, glycerol, and alanine similar to those observed in control experiments after the withdrawal of insulin. This occurred while growth hormone levels were still suppressed by somatostatin. Accordingly, the modification of the metabolic consequences of insulin deprivation observed during somatostatin infusion could have been accounted for exclusively by its suppression of endogenous glucagon secretion.
This conclusion, however, is valid only insofar as the levels of glucagon used in the present study were comparable to those in the control experiments. The following considerations indicate that this was indeed the case.
First of all, although slightly higher mean levels of glucagon were observed during infusion of glucagon, these could be accounted for by levels found in three of the eight subjects studied-the other five subjects having similar or lower levels of glucagon than those found in control experiments. Secondly, the metabolic effects of somatostatin were reversed with circulating glucagon levels as low as 110 pg/ml in one subject and with a mean level less than 170 pg/ml in five of the eight subj ects studied. Most likely, these levels were less than portal vein values occurring in the control studies because, in the latter circumstance, peripheral glucagon levels averaged 140 pg/ml during the 6 h after insulin withdrawal (38, 39) . For these reasons, it seems reasonable to conclude that the effects of somatostatin could be reversed with levels of glucagon comparable to those observed in the control experiments. Accordingly, the present results indicate that endogenous glucagon, under appropriate conditions, can promote hyperglycemia, lipolysis, and hyperketonemia in man. Indeed, since much higher levels of glucagon than those observed in the present study occur spontaneously in human diabetic ketoacidosis (40) , it seems very likely that these actions of glucagon contribute to the metabolic disturbances of this condition.
Effects of glucagon on human carbohydrate and lipid metabolism. The hyperglycemia observed during infusion of glucagon in the present studies could have been due to either glycogenolysis or gluconeogenesis or both because glucagon can affect both of these processes (41) and hepatic glycogen would not have been depleted in overnight-fasted individuals (42) . Changes in alanine levels suggest that gluconeogenesis was at least partly involved. Plasma levels of this major gluconeogenic precursor (43) fell during infusion of exogenous glucagon plus somatostatin, whereas, when endogenous glucagon secretion was suppressed by infusing somatostatin alone, plasma alanine levels rose and hyperglycemia did not occur. These results suggest that hepatic alanine uptake and conversion to glucose were stimulated during infusion of glucagon and were diminished when circulating glucagon levels were lowered with somatostatin. This interpretation is supported by recent studies in which suppression of glucagon secretion in the dog with somatostatin resulted in decreased hepatic glucose output (44) (45) (46) (47) and concomitant diminished conversion of alanine to glucose (46) . With respect to lipid metabolism, in the present study physiologic quantities of glucagon infused along with somatostatin resulted in rises in plasma FFA, glycerol, and p-hydroxybutyrate levels which were two-to threefold greater than those observed during infusion of somatostatin alone when endogenous glucagon was suppressed. These observations indicate that physiologic concentrations of glucagon can, under certain conditions, stimulate lipolysis in man. Glucagon has been previously demonstrated to augment lipolysis (1, 48) and ketogenesis (48) in man, but it cannot be concluded with certainty from these and the present data that physiologic concentrations of glucagon enhance ketone body production by a direct hepatic effect in addition to that resulting from enhanced lipolysis because elevation of circulating FFA could have in itself led to the modest increase in ketosis observed. Nevertheless, several in vitro studies have shown that glucagon can enhance hepatic ketone body production directly (41, 49) . In the rat in vivo, McGarry and co-workers (50) have demonstrated that physiologic quantities of glucagon can convert the fed liver to a ketogenic mode. Possibly, a similar key action of glucagon in the human liver could explain, in part, the lack of ketoacidosis after withdrawal of insulin from ketosis-prone diabetics during suppression of glucagon secretion (33) .
Other studies using physiologic quantities of glucagon have not consistently found lipolytic and ketogenic actions of this hormone in man (5, 51) . A possible explanation for this discrepancy is that glucagon may stimulate sufficient insulin secretion (52) to counteract its effect on lipolysis and limit substrate available for ketogenesis. This point is illustrated in the present studies by the fact that concomitant infusion of glucagon and insulin resulted in hyperglycemia without causing significant changes in plasma FFA and 9-hydroxybutyrate levels. Only when exogenous insulin was discontinued and any possible residual insulin secretion was suppressed by somatostatin did accelerated lipolysis occur and the ketogenic potential of glucagon become manifest.
Effects of growth hormone on human carbohydrate and lipid metabolism. Infusion of growth hormone along with somatostatin in the present studies had no effect on plasma glucose and alanine levels but did result in significantly (P <0.01) greater rises in plasma FFA, glycerol, and 8i-hydroxybutyrate levels than were observed with somatostatin alone; these rises approximated those found during control experiments after withdrawal of insulin. Previous studies using pharmacologic doses of exogenous growth hormone have demonstrated that growth hormone can augment lipolysis and cause hyperketonemia in man (10, 12, 13, 15, 16) , but to our knowledge the present studies represent the first demonstration that these effects occur with physiologic levels of growth hormone.
No rise in plasma FFA and P-hydroxybutyrate levels was observed during infusion of growth hormone in the present studies until after discontinuation of insulin infusions, i.e., 2 h after initiation of growth hormone administration. Whether this was due to initial antagonism by infused insulin (16) or to slow activation of lipolysis by growth hormone (53) is unclear. Rabinowitz et al. (13) , examining the effects of growth hormone on human forearm metabolism, observed stimulation of lipolysis within 30 min, but this has not been confirmed (14) .
Others using large doses of growth hormone have not found rises in plasma FFA levels until 2 h after growth hormone administration (10, 16 ), but such large doses have an early insulin-like action (10, 54) that could explain this delayed effect. In the present study, using physiologic levels of growth hormone, no early insulinlike effect on either glucose or lipid metabolism was found, suggesting that this phenomenon represents a pharmacologic action of growth hormone.
Although these present studies indicate that physiologic levels of growth hormone are lipolytic and can lead to ketosis in man under appropriate conditions, no conclusion can be drawn as to whether growth hormone at such concentrations directly affects hepatic ketogenesis. Indeed, since in vitro experiments using perfused livers have failed to demonstrate augmentation of ketone body production by growth hormone (55, 56) , it seems most likely that the ketosis observed was the result of the enhanced lipolysis induced by growth hormone providing additional substrate for ketogenesis.
The failure of growth hormone to alter plasma glucose levels both during infusion of insulin and after its termination suggests that its ability to diminish glucose utilization (10) (11) (12) (13) (14) is easily overcome by insulin and is not apparently a major factor in the hyperglycemia occurring with insulin deficiency. This conclusion does not exclude an important role for growth hormone in the carbohydrate intolerance of acromegaly where prolonged exposure to high circulating levels of growth hormone may result in marked insulin resistance (57) .
Regarding the respective roles of glucagon and growth hormone in human carbohydrate and lipid metabolism, the present studies indicate that glucagon is of more importance than growth hormone in glucose homeostasis because, during suppression of endogenous secretion of both hormones, infusion of glucagon but not growth hormone resulted in hyperglycemia. However, physiologic levels of both hormones appear to influence lipolysis and ketogenesis to a similar degree. Their contribution to the regulation of carbohydrate and lipid metabolism in man is underscored by the fact that, despite severe insulin lack, there was minimal spontaneous lipolysis and accumulation of glucose and ketone bodies when endogenous glucagon and growth hormone secretion were both suppressed with somatostatin. These observations indicate that the metabolic activity of human liver and adipose tissue may depend predominantly on their hormonal milieu.
The present data support the concept that physiologic levels of growth hormone and glucagon modulate carbohydrate and lipid metabolism in man but that these actions are usually minimized when insulin is available;
Effects of Glucagon and Growth Hormone on Human Substrate Metabolismwhen insulin deficiency of sufficient degree occurs, the effects of glucagon and growth hormone normally counterbalanced by insulin become exaggerated, resulting in hyperglycemia, elevated plasma FFA levels, hyperketonemia, and, ultimately, diabetic ketoacidosis. Previously, glucagon had been considered to play a negligible role relative to insulin lack in the metabolic derangements of diabetes mellitus. To a great extent this was due to the fact that total pancreatectomy-a procedure thought to cause combined glucagon and insulin deficiency-produced fulminant diabetes. However, the recent demonstration in several laboratories of persistent circulating glucagon after complete pancreatectomy (58) (59) (60) and the apparent biologic equivalence of such extrapancreatic glucagon with pancreatic glucagon (61) provide a reasonable explanation for this phenomenon, consistent with the concept of an essential role of glucagon (pancreatic or extrapancreatic) in the pathogenesis of diabetes mellitus (33, 62 
